Introduction {#sec1}
============

Males and females are anatomically and physiologically different in several ways.[@bib1], [@bib2] These differences lead to distinct rates of musculoskeletal injury of lower extremity between them.[@bib3] Misalignment of the foot structure is thought to be an important factor that may cause problems at other parts of body (knee pathologies, low back pain e.t.c)[@bib4] and increased the risk of lower extremity deformities such as dynamic pes planus, pes cavus, restricted ankle dorsiflexion, and increased hindfoot inversion.[@bib5]

To detect foot pathologies and evaluate foot functions, measurements of plantar foot pressure have been widely used in recent years.[@bib1], [@bib6] It is well documented that plantar pressure values are influenced by several determinants including anatomical structure of foot.[@bib7] According to forensic science studies there are anthropometric differences between the foot bones of males and females.[@bib8], [@bib9] Even a slight change in the foot structure alters the load distribution of the foot.[@bib10] Therefore, some researchers focused on the possible gender differences between plantar pressure distributions of the adult population. The methods and results of plantar pressure assessments in male and female adults reported in the literature are inconsistent with indicating no differences in plantar pressure values or different loading patterns of foot between genders.[@bib2], [@bib10]

Since the children\' feet have different characteristic properties in structure and function compared to feet of adults, their plantar pressure distribution values is considered to vary from those of adults.[@bib11] Liu et al found no gender differences between plantar pressure values of healthy children aged between 6 and 16 years by insole measurements.[@bib12] Phethean et al supported the findings of the previous study by indicating no significant differences in plantar pressure between genders in 4--7 year old children.[@bib13] However, Bosch et al reported that males aged in 1--5 years had higher peak plantar pressures than females of the same age.[@bib6] Based on the literature, another study of Bosch et al suggested that gender differences may only appear in the earlier years of the life span.[@bib6]

However adolescence is a period of development which is related with maturation and appearance of secondary sexual characteristics includes the age at onset of the menarche in female adolescents.[@bib14], [@bib15] Besides these differences, soft tissues are exposed to higher loading by an amplified rate of bone, ligament and tendon growth in this period. It is also important to note that static and dynamic foot functions change differently during growth and maturation. Although assessment of foot pressure distribution provides important clinical information about foot functions, plantar pressure studies in early adolescence are rare.[@bib12], [@bib16] The purpose of the study was to examine the possible differences in plantar pressure distributions between male and female adolescents in the ages of 11--14 during walking. Further, we also investigated the age-adjusted gender differences in plantar pressure distributions which have not been reported yet.

Methods {#sec2}
=======

Participants {#sec2.1}
------------

A total of 533 typically developed adolescents aged 11--14 years were recruited subsequent to approval from the local Ethical Committee and the local National Education Directorate. The study was performed between the years of 2012 and 2014 in three local midschools. Adolescents\' parents were informed about the study and informed consent was obtained from parents of all participants included in the study.

The adolescents who did not have any neurological and orthopedic problems were included in the study. The adolescents were excluded if they had any lower extremity asymmetry or pain, malalignment of lower extremity, gross gait abnormalities and severe postural disorders during visual inspection. The lengths of lower extremities from trochanter major to lateral malleolus were measured by a tape. The anthropometric data (age, gender, height, and weight) were recorded prior to pedobarographic analysis of 533 subjects. A total number of 524 subjects (211 female and 313 male) were included into data analysis due to a drop-out number of 9 subjects in consequences of the cases of missing values or implausible data. The mean age of subjects was 12.58 ± 1.11 years (12.38 ± 1.19 years for females, 12.72 ± 1.03 years for males). Physical characteristics are presented according to the age groups at [Table 1](#tbl1){ref-type="table"}.Table 1Demographic data of the adolescents.Table 1Age (Years)FemaleMaleStatisticsnMean ± SDnMean ± SDt*p*11W (kg)6439.85 ± 9.814136.73 ± 6.62−1.6480.102H (cm)145.32 ± 8.72144.21 ± 7.57−0.6680.50612W (kg)6242.47 ± 11.579942.74 ± 9.680.1620.871H (cm)150.50 ± 42.47148.16 ± 7.85−1.7670.07913W (kg)2544.23 ± 10.067850.21 ± 14.521.9150.058H (cm)153.24 ± 6.92156.67 ± 9.981.5590.12214W (kg)6054.02 ± 10.329554.66 ± 12.600.7140.476H (cm)159.88 ± 7.30163.93 ± 8.572.9730.003\*TotalW (kg)21145.10 ± 11.9931347.43 ± 13.252.0540.041\*H (cm)151.92 ± 9.86153.10 ± 14.301.8260.068[^1]

Plantar pressure measurement and analysis {#sec2.2}
-----------------------------------------

Emed-a 50/D pedobarographic system (Novel GmbH^®^. Munich. Germany) was used to analyze pedobarographic data of subjects. Pressure plate size was 380 mm × 240 mm with incorporating 1760 capacitive sensors (2 sensors/cm^2^) sampling at a rate of 50/60 Hz with a range of 10--950 kPa.

Data were collected barefoot in mid-gait at self-selected gait speed. The trials with abnormal gait pattern as hitting the platform surface purposefully were dropped out to avoid getting incorrect data. Finally, five smooth trials were recorded for each foot.

The Research Foot software (Novel GmbH^®^ Munich Germany) provided by Novel GmbH Munich was used to determine forces and pressures under 4 foot regions: hindfoot, midfoot forefoot and toes following data collection. Evaluation was carried out on three of the most clinically used parameters: peak pressure (PP) kPa, contact area (CA) cm^2^ and maximum force (MaxF) N and body weight corrected MaxF (BW_MaxF) for each foot region and total foot by the scientific analysis software.

Statistical analysis {#sec2.3}
--------------------

Paired t-test was used to evaluate any plantar pressure differences between the left and right foot. Based on the findings of no differences (*p* \> 0.05) and the need to meet the assumption of 'independence of observation'.[@bib17] The average data of all measured parameters of right and left foot was used for all further analyses. After testing for normality of data by using a Kolmogorov--Smirnov test all data were found to be normally distributed and independent t-tests were used to evaluate any gender differences in the plantar pressure data for each age group. One way ANOVA test was applied to compare plantar pressure data between age groups separately for pooled data and each gender group. A Bonferroni correction was used for the binary comparisons of age groups. Significant differences in plantar pressure parameters were considered as *p* \< 0.05. All statistical analysis was performed using SPSS version 11.5 (Chicago. IL).

Results {#sec3}
=======

Total and regional pedobarographic values of males (n = 313) and females (n = 211) according to four regions (hindfoot, midfoot, forefoot and toes) for all age groups were presented in [Table 2](#tbl2){ref-type="table"}.Table 2Gender comparison of pedobarographic data (MaxF, PP, CA) of adolescents according to age.Table 2Age (Year)11121314F (n = 64)M (n = 41)F (n = 62)M (n = 99)F (n = 25)M (n = 78)F (n = 60)M (n = 95)Mean ± SDMean ± SDMean ± SDMean ± SDMean ± SDMean ± SDMean ± SDMean ± SDPeak pressure (kPal)Total316.68 ± 94.66\*282.87 ± 66.36333.70 ± 92.05311.51 ± 67.96305.80 ± 56.60318.1 ± 72.2374.08 ± 113.93\*338.61 ± 85.85Hindfoot262.38 ± 93.90241.34 ± 65.90261.77 ± 91.37260.90 ± 68.87229.90 ± 42.84261.05 ± 73.12\*271.71 ± 61.12265.61 ± 78.40Midfoot106.79 ± 27.01100.37 ± 26.53100.27 ± 29.54103.35 ± 31.27106.90 ± 36.73113.84 ± 31.23118 ± 32.76108.52 ± 36.49Forefoot253.39 ± 77.91\*221.52 ± 60.53251.08 ± 73.36244.04 ± 64.23246.60 ± 55.63255.12 ± 67.30305.66 ± 82.14281.35 ± 79.59Toes201.05 ± 86.77198.72 ± 69.96253.79 ± 104.93\*216.00 ± 81.12264.40 ± 65.02\*227.21 ± 83.4299.75 ± 140.60\*238.75 ± 103.32Maximum force (N)Total553.95 ± 279.46574.03 ± 273.09568.40 ± 263.76600.94 ± 270.75569.16 ± 223.67546.19 ± 184.61822.54 ± 410.28\*630.19 ± 209.49Hindfoot300.80 ± 75.10293.47 ± 68.46307.45 ± 83.14317.22 ± 75.44309.35 ± 62.61340.48 ± 94.14386.36 ± 100.15376.81 ± 80.50Midfoot95.15 ± 62.4581.53 ± 45.0088.36 ± 51.3793.08 ± 57.96105.66 ± 61.24104.88 ± 59.54119.29 ± 60.16106.48 ± 62.91Forefoot359.82 ± 121.90328.53 ± 82.13361.15 ± 106.97373.62 ± 106.51372.50 ± 85.58412.51 ± 130.89487.54 ± 137.19463.98 ± 98.22Toes90.71 ± 36.6796.46 ± 30.22110.59 ± 40.70104.73 ± 38.32126.32 ± 27.01\*105.25 ± 37.3136.24 ± 48.54\*115.33 ± 46.03Maximum force (N%BW)Total144.43 ± 66.84162.66 ± 76.71140.01 ± 63.96145.53 ± 65.30135.17 ± 58.71110.24 ± 27.85156.27 ± 68.50\*116.88 ± 36.39Hindfoot79.21 ± 18.4982.63 ± 18.6074.17 ± 19.2678.93 ± 27.6372.11 ± 13.2069.36 ± 10.4974.56 ± 14.33\*70.07 ± 12.18Midfoot23.60 ± 11.8091.17 ± 14.9321.13 ± 11.4621.64 ± 11.2523.21 ± 10.7723.16 ± 26.2422.23 ± 8.83\*19.09 ± 9.49Forefoot93.08 ± 18.0091.17 ± 14.9387.18 ± 16.7088.76 ± 13.8085.65 ± 11.6282.19 ± 12.9792.24 ± 17.03\*86.10 ± 9.80Toes24.49 ± 10.7327.85 ± 10.6627.58 ± 10.6825.80 ± 9.6929.57 ± 7.3524.27 ± 18.5126.34 ± 10.33\*22.05 ± 8.57Contact area (cm^2^)Total117.65 ± 19.33117.62 ± 16.19119.86 ± 17.46123.90 ± 21.76125.98 ± 17.71133.44 ± 20.54134.15 ± 17.25142.16 ± 20.23\*Hindfoot30.21 ± 3.6729.97 ± 3.1730.84 ± 3.5231.66 ± 4.0732.16 ± 2.9234.75 ± 4.74\*33.48 ± 3.7736.67 ± 4.04\*Midfoot24.24 ± 7.3923.40 ± 7.9023.57 ± 6.8224.84 ± 9.0825.42 ± 7.9927.51 ± 8.1827.19 ± 6.3528.6893 ± 9.01Forefoot44.83 ± 7.4845.22 ± 6.2645.12 ± 6.2047.17 ± 7.4745.79 ± 6.2450.43 ± 8.55\*50.12 ± 5.7954.4893 ± 6.80\*Toes18.29 ± 4.5118.96 ± 3.1320.55 ± 4.3220.02 ± 4.1622.05 ± 3.7320.36 ± 4.4422.84 ± 4.8022.10 ± 5.63[^2]

Gender effect {#sec3.1}
-------------

Statistical analyses revealed higher total PP in females than males in the ages of 11 and 14 years (*p* = 0.001). Regional PP data showed that females had higher values than males in toes in ages from 12 to 14 years and in forefoot just for age 11 (*p* \< 0.05). The only one region which male adolescents had greater PP than females was hindfoot and this difference was solely prevalent for the age of 13, not for other ages (*p* = 0.010, [Table 2](#tbl2){ref-type="table"}, [Fig. 1](#fig1){ref-type="fig"}).Fig. 1Gender comparison of peak pressure data between females and males, \**p* \< 0.05 significantly higher.Fig. 1

PP measures of females and males for midfoot did not differ remarkably across ages between 11 and 14 years (*p* \> 0.05). Total MaxF of females were higher than males in the ages of 14 (*p* = 0.010). In addition, MaxF of toes of females were higher than males at the ages of 13 (*p* = 0.008) and 14 (*p* = 0.010). BW_MaxF of all regions of females were higher than males at the ages of 14 (*p* \< 0.05, [Table 2](#tbl2){ref-type="table"}).

Males mostly had greater CA than females across all age groups included in the study. CA data analysis showed that males had greater CA than females in forefoot and hindfoot regions at the ages of 13 and 14 (*p* \< 0.05, [Table 2](#tbl2){ref-type="table"}). Total CA of males was only significantly greater than females at 14 years (*p* = 0.012).

Age effect {#sec3.2}
----------

Pooled pedobarographic data of both gender demonstrated that highest PP and MaxF values across all age groups were found in measures at the age of 14 years old (*p* \< 0.05, [Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}). The subjects 13 and 14 years old had greater CA than younger age groups (*p* \< 0.05, [Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}). The subjects 12 and 13 years old had lower BW_MaxF than the age of 11 years old (*p* \< 0.05, [Fig. 3](#fig3){ref-type="fig"}).Fig. 2Total pedobarographic data (MaxF, PP, CA) according to age groups. \**p* \< 0.05 significantly higher than younger adolescents, one way ANOVA test.Fig. 2Fig. 3Total pedobarographic data (MaxF, MaxF(BW%), PP, CA) according to age groups. \**p* \< 0.05 significantly higher than younger adolescents, one way ANOVA test. \*\**p* \< 0.05 significantly higher than adolescents at the age of 12 and 13, one way ANOVA test.Fig. 3

Age effect according to genders {#sec3.3}
-------------------------------

[Fig. 4](#fig4){ref-type="fig"} shows the regional PP distribution pattern (as in toes, forefoot, midfoot and hindfoot) by increasing age according to gender. PP of forefoot at age of 14 was significantly higher than younger ages in both male and female adolescents (*p* \< 0.05). PP distributions of midfoot did not significantly effect and hindfoot of males and females adolescents (*p* \> 0.05).Fig. 4Age comparison of peak pressure data of females and males separately, \**p* \< 0.05 significantly higher, one way ANOVA test.Fig. 4

Interesting results were observed for toes regions of adolescents. There were no significant differences in plantar pressure distribution of toes region in male adolescents between ages while female adolescents demonstrated significantly higher PP in toes at the age of 14 compared to the age of 11 (*p* \< 0.001), and age of 12 compared to the age of 11 (*p* = 0.040).

Discussion {#sec4}
==========

Gender effect {#sec4.1}
-------------

Total plantar pressure distribution of adolescence indicated that significant differences were observed in the age of 11 and 14 years between genders ([Fig. 1](#fig1){ref-type="fig"}). Especially at the age of 14, significant differences in MaxF and CA became relevant. Total contact area of males was almost same with the females at the age of 11 and males began to increase their contact area from 11 to 14 years old. This increase in CA might have caused significant differences in PP distribution for males compared to females at the age of 14. Male adults were found to have greater CA than their female counterparts due to their bigger foot size by previous studies.[@bib2], [@bib18]

The significant differences in PP of forefoot at the age of 11 disappeared and female\'s peak pressure in the toes region became higher compared to males in the following ages. Wherefore there was no gender difference for CA of foot regions, higher PP was due to higher MaxF detected for females in the late period of early adolescence. Long standing of this distribution pattern in the later years of adolescence may be a possible risk factor for toe deformities such as hallux valgus in adulthood.[@bib19], [@bib20] The findings of the Brain\'s et al partially support our comment by indicating greater plantar pressure on the front part of the foot in the individuals with hallux valgus compared to normal foot.[@bib21] Unfortunately we cannot speculate that female adolescents in our study are under the high risk to develop hallux valgus since we did not check the data on metatarsal pressures separately. The PP results of midfoot region showed that there is no difference in plantar pressure distribution between male and female adolescents. Plantar pressure measurements in the midfoot region provide clinically important data to evaluate medial longitudinal arch. Development of medial longitudinal arc is a substantial process in the childhood and adolescence.[@bib22] Some researchers detected males had a greater tendency for flat foot than females in preschool-aged children[@bib23] and schoolchildren.[@bib22] Stavlos et al indicated that foot development from the low-arched types to normal types occurs earlier in females than males.[@bib24] Despite of structural gender differences according to age the prevalence of midfoot deformities such as pes planus and/or pes cavus do not vary between female and male adolescents.[@bib19] Consistent with the studies mentioned above there was no gender difference in the midfoot pressure distribution of adolescents in our study at any age groups to speculate MLA differences between genders.

There was only the age of 13 years which males had greater plantar pressure on hindfoot than females had. Male adolescents were in tendency to increase PP on hindfoot by increasing age while females decreased their PP on hindfoot at the age of 13 years old. It seems that the significantly high PP of males on the hindfoot at only this age was resulted from lower pressure values of females comparing with other age groups ([Fig. 3](#fig3){ref-type="fig"}). Relatively low number of female adolescents at 13 years old was one of the limitations to present this result.

Age effect {#sec4.2}
----------

"Aging" in adolescence was found to be one of the influencing factors on plantar pressure distribution and its related parameters. Significant alterations in MaxF and CA at the late adolescence especially at 14 years old might be resulted from increase in the foot size and body weight of adolescents during growing ([Table 1](#tbl1){ref-type="table"}). Absence of significant differences in BW MaxF at the age of 14 compared to younger ages supported the affect at body weight on maximum force in that age. The result of studies investigated dynamic plantar pressure distribution of adults showed that males had higher maxF in the metatarsal region than females.[@bib2], [@bib18] It can be concluded that "age" is an important factor that have substantial influence on plantar pressure distribution. Froehle et al suggested that gait evaluations of early adolescents by using adults\' normative data may bias interpretations of adolescents\' gait.[@bib25] We support their suggestion by our different plantar total pressure data of adolescence at age of 11, 12, 13 and 14 years old. Even all the evaluated subjects are at adolescent period, the age of subject should be taken into consideration during foot assessment. It is worthy to note that comparing plantar pressures of individuals at different ages regardless of gender may cause improper estimations.

The recent literature mostly focused on detailed kinematic and kinetic analyses of gait at childhood and adolescence although plantar pressure measurements at this developmental period provide valuable information about foot functions and injury risk.[@bib26] Frykberg et al have indicated that high pressure values under the foot can be seen as a good indicator of potential foot damage.[@bib27] An improved understanding of gender and age specific foot pressures will lead to better shoe designs that hopefully will minimize injury risk. Unfortunately similar studies performed in the late adolescence period were not found to be better interpreted of our results in the light of literature.

The reported differences in plantar pressure distribution between genders according to age are also vital for foot care of adolescents with systemic diseases such as type I diabetes mellitus. Our findings will lead to challenges in foot health approaches such as footwear modifications specific to age and gender in Foot Health Clinics. Besides, these valuable outcomes related with gender and age should be transfer into practice in foot assessment and treatment procedures by experienced clinicians.

We divided the foot into four regions by EMED automatic masking procedure which does not give information about all areas of foot especially the regions where differences were detected as forefoot divided into metatarsal heads.

As a conclusion, the results of our study demonstrated that the age of 14 years compared to earlier years, is a critical age since alterations in plantar distribution were more apparent. Further studies can be planned with including greater range of ages between 10 and 18 years to detect development of plantar pressure patterns. The most important outcome of the present study is raising the awareness of differences between genders in plantar pressure distribution trends during gait in the early adolescence, especially at the forefoot and toes regions. We suggest that plantar pressure alterations in the region of toes according to gender and age in early adolescence may be considered a possible risk factor of foot impairments in the further ages beside other risk factors as over body weight and footwear habits by the clinicians.
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[^1]: \**p* \< 0.05 significantly higher, Paired t-test, W = weight, H = height, n = number, SD = standard deviation.

[^2]: \**p* \< 0.05 significantly higher, Paired t-test, F = female, M = male, n = number, SD = standard deviation.
